Objectives: Acupuncture or electroacupuncture (EA) has been applied for treating chemotherapy-induced emesis with limited success. The aims of this study were to investigate the anti-emetic effect of EA and to explore underlying anti-emetic mechanisms.
INTRODUCTION
Nausea and vomiting are common symptoms resulting from surgery, opiates, radiotherapy, and chemotherapy (1) . Chemotherapyinduced nausea and vomiting (CINV) are two of the most distressing and feared side effects of cancer treatment (2) . Cisplatin is one of the most widely used anticancer agents since the discovery of its antitumor effect in 1969. However, its multiple adverse side effects such as nausea, vomiting, and anorexia impose a severe physical and emotional burden on cancer patients (3) . Anti-emetic agents that have been developed were based on the neurochemical control of vomiting and are the most common interventions for patients undergoing chemotherapy. However, about 25 to 50% of patients undergoing highly emetic chemotherapies still experience nausea and vomiting while using standard anti-emetics (4). Thus, there is an urgent need to develop efficacious anti-emetic strategies to deal with the intense and protracted nausea and vomiting induced by chemotherapies.
Acupuncture or electroacupuncture (EA) has been shown to be beneficial for postoperative nausea and vomiting (5, 6) . The acupuncture point, pericardium 6 (PC6) or Neiguan, located on the anterior surface of the wrist between the tendons of the flexor carpi radialis and the palmaris longus, is the most commonly used acupuncture point to control nausea and vomiting (7) (8) (9) . Acupuncture or EA has also been used as an alternative treatment of CINV (10) and shown to be effective in reducing acute vomiting in patients as reported in a few meta-analysis studies (11, 12) and in animals (13) (14) (15) . However, there is lack of systematic studies investigating methodologies for EA and mechanisms underlying anti-emetic effect of EA are largely unknown.
CINV result from both direct and indirect stimulation of the vomiting center located in the area postrema (AP), which is stimulated directly by afferent input from the vagal and splanchnic nerves. This nucleus is susceptible to stimulation by substances present in the blood or cerebral spinal fluid. Cisplatin dose-dependently increases c-fos expressions in the rat hind brain such as the nucleus of the solitary tract (NTS) and AP (16) , suggesting a central mechanism.
However, it is unclear whether the autonomic function plays a role to ameliorate the effect of EA on cisplatin-induced emesis.
As a subjective experience, nausea cannot be directly measured in non-human animals, while some species, such as rats, do not have a vomiting reflex. In addition to conditioned flavor aversion, pica (consumption of a substance without nutritional value such as kaolin, Chinese clay) has been well established as an index of nausea and emesis, and a surrogate marker of CNIV in animal studies (17, 18) .
We hypothesized that EA has an anti-emetic effect on CINV in rats and this effect is mediated by altering neuronal activity in the AP via the vagal pathway. Accordingly, the aims of this study were to study the effect of EA with different parameters on pica and to explore underlying anti-emetic mechanisms involving the vagal nerve, NTS, and AP.
MATERIALS AND METHODS

Animals
Male Sprague-Dawley rats (280-350 g, Charles River Laboratories, Greensboro, NC, USA) were used in this study. The housing room was humidity-and temperature-controlled (20-228C) and maintained on a fixed 12-hour light/dark cycle (lights on 6 am). The Institutional Animal Care and Use Committee at the Oklahoma City VA Medical Center approved the surgical and experimental protocol.
Implantation of Chronic EA Electrodes
All rats in this study were chronically implanted with a pair of temporary myocardial pacing wires (Streamline 6494, Medtronic Inc. Minneapolis, MN, USA) at bilateral acupoint PC6. Briefly, the rat was anesthetized with sodium pentobarbital (60 mg/kg) and a 3 mmlong exposed wire (serving as an electrode) was inserted into PC6 and affixed with sutures. The electrode connecting wires were firstly fixed in the muscle layer around the acupoints, then tunneled subcutaneously to the back of the neck and externalized. Buprenorphine (0.05 mg/kg) and cefazolin (30 mg/kg) were given for three days to control pain and infection, respectively. No local infection was noted during the experiment period.
EA Stimulation
EA was delivered by a constant current pulse generator (World Precision Instruments, Sarasota, FL, USA). Two sets of EA parameters were used in Experiment 1: 1) frequency of 20 Hz, pulse width of 0.6 msec, and amplitude of 2 mA; 2) frequency of 10 Hz, pulse width of 1.2 msec, and amplitude of 2 mA (Fig. 1a) . EA of 20 Hz was reported to be effective in reducing nausea and vomiting in patients undergoing chemotherapy (10) and reducing kaolin consumption in rats treated with cisplatin (13) . With the fixed pulse width, 20 Hz was shown to be more effective than 10 Hz (13). However, it was unknown whether the better performance with 20 Hz was attributed to the increased stimulation energy. To answer this question, we selected a second set of parameters: a reduced frequency of 10 Hz but an increased pulse width of 1.2 msec. Accordingly, parameter Set 2 was of the same stimulation energy as Set 1. The set of EA parameters that resulted in a higher reduction in kaolin intake in Experiment 1 was used in Experiments 2 and 3.
Subdiaphragmatic Vagotomy
After an overnight fast, rats were anesthetized with sodium pentobarbital (60 mg/kg, i.p.). After a midline incision in the abdomen, the liver was retracted cranially and the stomach was retracted caudally to expose the diagram. The ventral and dorsal subdiaphragmatic vagal nerve trunks were isolated from the surrounding connective tissue and a 2-3 mm section was removed from each of these trunks for a complete transection. Rats after the vagotomy surgery were given a nutrient drink (Ensure plus, Abbott Nutrition, Lake Forest, IL, USA) 2 mL twice a day for three days for better recovery (19) . In sham vagotomy surgery, rats had the same surgical procedure without the transection of the vagal nerve trunk.
Measurement of Kaolin Intake
Rats were allowed to acclimate to Bollman cages in the presence of kaolin for one week before the surgery. The Bollman cage was made with adjustable bars which allowed the rat to move forward and backward but not turn around. Three days after surgery, the rats were transferred to BioDaq home cages equipped with two openings that accommodate two food hoppers: one for regular chow and the other for kaolin. The amount of kaolin consumed by the rat (kaolin intake in 24 hours) was defined as the difference in weight between the total amount of kaolin given and the amount leftover. Any spillage of kaolin was collected and weighed to the nearest 0.1 g and subtracted from the amount of intake.
Experiment 1: Efficacy of EA on Cisplatin-Induced Kaolin Intake
In this experiment, 18 rats were divided into a 3 3 3 Latin Square cross-over design in which each rat received a sequence of three treatments: EA of 20 Hz, EA of 10 Hz, and sham-EA (no stimulation).
In the first day, cisplatin (6 mg/kg) was injected intraperitoneal once at 3 pm in all rats (Fig. 1b) . Rats received one of the three treatments for three hours from 3 to 6 pm while remaining in Bollman cages and were then returned to their home cages with wire bottoms. On the second day, the rats received the same treatment as that of the first day for three hours from 3 to 6 pm. The rats had free access to kaolin while remaining in Bollman cages and home cages. There was an interval of two weeks between two consecutive treatments.
Experiment 2: Vagal Mechanism Involved in the Anti-Emetic Effect of EA
Twenty rats with vagotomy and 20 rats with sham-vagotomy were used in this experiment (Fig. 1c) . The vagotomized rats were divided into two groups: Vagotomy 1 EA and Vagotomy 1 Sham-EA. The rats with sham-vagotomy were also divided into two groups: Sham-Vagotomy 1 Sham-EA and Sham-Vagotomy 1 EA. Seven days after the surgery, all 40 rats were injected with cisplatin (6 mg/kg) and then treated with sham-EA or EA for two days, as described in Experiment 1.
Experiment 3: Effect and Mechanism of EA on Cisplatin Induced C-fos Expression on AP and NTS
Ten rats with vagotomy and 15 rats with sham vagotomy were used in this study (Fig. 1d) . The 15 rats with sham-vagotomy were divided into three groups: 1) Control: Sham-Vagotomy 1 saline injection; 2) Sham-Vagotomy 1 Sham-EA; 3) Sham-Vagotomy 1 EA. The 10 rats with vagotomy were randomly divided into two groups: 4) Vagotomy 1 Sham-EA; and 5) Vagotomy 1 EA. Three hours after the removal of food and water, the rats were injected (i.p.) with saline (Control group) or 6 mg/kg cisplatin (all other groups) at 11 am and treated with EA or sham-EA immediately afterward for three hours in Bollman cages then placed in their home cages from 2 to 5 pm. At 5 pm, the rats were deeply anesthetized by sodium pentobarbital (100 mg/kg, i.p.). The thoracic cavity was opened and 0.3 mL of heparin (1000 IU/mL) was given intracardially, followed by a transcardial perfusion with 200 mL of phosphate buffered saline (PBS; pH7.4) and then 250 mL of 10% Neutral Buffered Formalin (NBF). Brains were removed and placed in NBF for 16 hours at 48C. Then brainstems were placed in 10% sucrose followed sequentially by using 20 and 30% sucrose solutions at 48C each for 24 hours and afterward stored at 2808C for later immunohistochemistry. Coronal sections (20 lm thick) were collected at approximately the same level relative to bregma (NTS: range from 215.0 to 213.0 mm and AP: range from 213.7 to 214.1 mm). The brain sections were initially rinsed in PBS to remove cryoprotectant. A sequence of incubation steps were done in 1% sodium borohydride in PBS (20 min), 0.3% hydrogen peroxide in PBS (30 min), and 5% normal goat serum (NGS) in PBS containing 0.3% triton X-100 (PBS-TX) for one hour, with rinses between each step. Sections were then incubated at 48C in 1:5000 polyclonal anti-fos antibody (Abcam, San Francisco, CA, USA) containing 5% NGS in PBS-TX for 20 hours. Following rinses in PBS-TX, sections were placed in 1:500 biotinylated goat anti-rabbit for two hours at room temperature. This was followed by rinses in PBS and one hour incubation in Vector ABC complex. Sections were then rinsed twice in PBS and once in the Tris buffered solution (TBS). The sections were then placed in 3,3 0 -diaminobenzidine (DAB; 5 mg/ mL in TBS) with or without nickel sulfate (25 mg/mL) for 3-5 min for the chromogen reaction. Finally, the sections were rinsed twice in PBS. After dehydration, the sections were mounted on slides and cover-slipped. The tissue sections were viewed with an Olympus microscope (CX41) equipped with a digital camera. Brain regions and cells expressing c-fos were imaged, and the numbers of cells expressing c-fos as a black or brown reaction product in the cell nuclei were counted. According to the stereotaxic coordinates of rat brain (20) , c-fos expressions in NTS caudal (214.7 bregma, NTSc) and rostral (213.3, NTSr) were averaged as the fos expression in NTS and the expression at AP (213.9 to bregma) was assessed (19) .
Statistical Analysis
In experiment 1, kaolin intake was analyzed with two way ANOVA repeated-measures including fixed effects for treatment and time period. Post hoc Fisher least significant difference test for multiple comparisons was used. In experiments 2 and 3, one-way ANOVA followed by post hoc Fisher least significant difference test was used. Comparison of data were considered statistically significant if p < 0.05.
RESULTS
Inhibitory Effects of EA on Kaolin Intake
During the acclimation, only three rats chewed a small amount of kaolin when in the home cage and Bollman cage. None of them consumed more than 0.2 g kaolin in 24 hours. Cisplatin induced substantial kaolin intake ranging from 0.6 to 4.1 g on the first day after cisplatin injection. Two rats treated with sham-EA died after the second cisplatin injection, possibly attributed to the loss of appetite. 
DISCUSSION
This study showed: 1) Cisplatin substantially induced kaolin intake and c-fos expression in NTS and AP neurons. 2) EA at 20 Hz but not 10 Hz significantly reduced cisplatin-induced kaolin intake. 3) Subdiaphragmatic vagotomy significantly reduced cisplatin-induced kaolin intake and c-fos expression in NTS and AP neurons, suggesting a vagally mediated mechanism of cisplatin. 4) Vagotomy blocked the inhibitory effect of EA on cisplatin-induced kaolin intake on the first day but not the second day, suggesting a vagally mediated mechanism of EA on acute nausea and non-vagal mechanisms of EA on delayed nausea.
Acupuncture or EA was reported to be effective in reducing chemotherapy-induced acute vomiting (11, 12) . EA was reported to be more effective than manual acupuncture in reducing acute Figure 2 . Twenty-four hour kaolin intake in the first and second day after 6 mg/kg cisplatin injection. Cisplatin significant induced kaolin intake in rats. EA of 20 Hz/0.6 msec but not EA of 10 Hz/1.2 msec reduced kaolin intake in the first and second day after injection. Control: no stimulation. *p < 0.05, **p < 0.01. vomiting (21) (22) (23) , suggesting the therapeutic role of electrical stimulation. In the clinic, EA also was reported to have more consistent and reproducible results than manual acupuncture (24, 25) . In this study, EA (20 Hz, 0.6 msec, continuous) significantly reduced cisplatin-induced kaolin intake and c-fos expression in AP. The ineffectiveness of EA at 10 Hz (same stimulation energy with 20 Hz) demonstrated the importance of stimulation parameters. Transcutaneous electrical nerve stimulation at 2-20 Hz at the PC-6 and PC-5 suppresses cardiovascular sympathetic activity and induces hypotension while at 40Hz significantly sustained blood pressure in patients (26) . High frequency electrical stimulation of other organs and tissue may have superior effect and act on different mechanisms, compared to low frequency stimulation (27) . It will be of interest to test the efficacy of EA using a wide range of frequencies for reducing the cisplatin-induced kaolin consumption in rats. We confirmed that pica was a good surrogate for nausea and vomiting in rats. Clinically, nausea and vomiting are common side effects for a wide range of medicines. However, the lack of an emetic reflex in common laboratory animals, such as rats and mice limits studies on mechanisms of emesis and identification of novel antiemetics. Rats consume nonnutritive kaolin that they would not normally ingest when injected with toxins such as ampomorphine and cisplatin or subjected to motion exposure, which can induce emesis in a species endowed with an emetic (28) . Cisplatin-induced pica is a robust response in rats and used as a reliable index in the assessment of emesis severity in rats (17) . In this study, the i.p. administration of cisplatin at a dose of 6 mg/kg induced robust kaolin consumption with an average of nearly 2 g in the first 24 hours, which was comparable to that reported in a previous study using the same dosage (6 mg/kg) (28) or higher dose (8 mg/kg) (13) .
Our findings suggested different mechanisms involved in the ameliorating effects of EA on acute and delayed emesis. Typically CINV are divided into acute (less than 24 hours) and delayed (above 24 hours) phases which have distinct mechanisms (19) . Cisplatininduced emesis is inhibited by common antiemetic drugs, such as 5-HT 3 and NK 1 receptor antagonists, as well as corticosteroids (29) . The treatment with 5-HT 3 receptor antagonists such as ondansetron substantially reduced cisplatin-induced kaolin intake in rats (17, 30) . Cisplatin elicits acute emesis primarily through the stimulation of 5-HT release from enteroendocrine cells that activate gastrointestinal vagal afferent fibers (31, 32) . Ablation of the vagus nerve substantially suppressed cisplatin-induced vomiting in dogs and house musk shrews (33, 34) , indicating the important role of an intact vagus in the emetic response to cisplatin. Accordingly, subdiaphragmatic vagotomy significantly reduces cisplatin-induced kaolin intake in rats (35) , suggesting the involvement of the vagal nerve in pica. In this study, subdiaphragmatic vagotomy significantly reduced cisplatin-induced kaolin intake in the first and second day, which was in agreement with a previous report (19) . The ineffectiveness on reducing the first day kaolin intake by EA in the vagotomized rats suggested a vagal mechanism; that is, the inhibitory effect of EA on kaolin intake in the first day in the rats with intact vagal nerve was mediated via the vagal pathway. Whereas, the effectiveness on reducing the second day kaolin intake by EA in the vagotomized rats indicated that mechanisms other than vagal nerve are involved. Both 5-HT and substance P levels were reported to increase in blood (36) (37) (38) and the ileum (38) after cisplatin treatment, which might directly activate AP to produce pica. Transcutaneous EA at 20 Hz was previously reported reduce nausea and vomiting, and the chemotherapy-induced increase in serum levels of 5-HT and dopamine in patients with chemotherapy (10) . Further investigations are needed to study whether 5-HT and dopamine are involved in the inhibitory effect of EA on the second day kaolin intake (delayed emesis). In addition, greater splanchnic nerves were noted to be partially involved in cisplatin-induced emesis (39) and EA was found to modulate the blood pressure response induced by splanchnic nerve afferent stimulation (40) . Therefore, possible involvement of the splanchnic nerve in the inhibitory effect of EA on second day kaolin intake should also be investigated in future studies. A central mechanism involving AP was noted with cisplatin and EA in this study. Cisplatin was reported to increase c-fos expression in the NTS and AP in species with vomiting reflexes, such as the cat and ferret (41) (42) (43) . In this rodent study, cisplatin was also found to increase c-fos expression in the NTS and AP, which was consistent with previous findings (17, 35) , and the cisplatin-induced increases were reduced by vagotomy, suggesting a vagal mediated mechanism (16, 35) . However, a few previous studies speculated a direct action on the AP via the cisplatin-induced release of serotonin and substance P in blood (36) (37) (38) 43) . 5-HT 3 receptor antagonists were reported to greatly reduce cisplatin-induced c-fos expression in the NTS but not in AP, and abdominal vagotomy exerted no effects on c-fos mRNA expression in the NTS or AP, also suggesting a direct 5-HT 3 action without the involvement of the vagal mechanism (44) . Similarly, cisplatin induces c-fos gene expression in NTS which was blocked by 5-HT 3 receptor antagonist and in AP by a vagal independent, direct action (43) . In this study, EA showed no effects on the cisplatin-induced c-fos expression in the NTS but reduced the cisplatin-induced c-fos expression in the AP in a vagal-dependent way as its effect was blocked by vagotomy.
EA at PC6 with appropriate parameters via chronically implanted electrodes has an inhibitory effect on cisplatin-induced nausea. The anti-emetic effect of the EA is centrally mediated involving the AP via the vagal pathway as well as the potential effect on AP by reducing the release of hormones.
